Significant concern has been raised about possible health effects from exposure to radiofrequency (RF) electromagnetic fields, especially after the rapid introduction of mobile telecommunications systems. Parents are especially concerned with the possibility that children might develop cancer after exposure to the RF emissions from mobile telephone base stations erected in or near schools. These questions have followed scientific reports suggesting that residence near high voltage power lines may to be associated with an increased childhood leukemia risk. Epidemiologic studies have been plagued by poor RF exposure assessment and differences in methodology. There are no high-quality epidemiologic studies that can be used to evaluate health risks from RF exposure. Laboratory studies in this area have been somewhat confusing. Some animal studies suggest that RF fields accelerate the development of sarcoma colonies in the lung, mammary tumors, skin tumors, hepatomas, and sarcomas. A substantial RF-induced increase in lymphoma incidence in transgenic mice exposed for up to 18 months has also been reported. In contrast, other studies have not found carcinogenic effects. These conflicting results indicate the need for more well-conducted studies on laboratory animals, supplemented with high-quality in vitro studies to identify effects that need further research in vivo, and to characterize any acting mechanisms, especially at low RF field levels. This paper provides a review of the laboratory studies and indicates what conclusions about RF-induced cancer can be drawn. Environ Health Perspect 1 05(Suppl 6): 1565-1568 (1997) 
Introduction
Radiofrequency (RF) fields are part of the electromagnetic spectrum and have many of the same properties as infrared radiation (heat), except that RF fields have a lower frequency. Electromagnetic fields are composed of electric and magnetic waves, and depending on the wavelength of the RF field and distance from the source, measurement of both the electric and magnetic fields may be needed to properly characterize the RF source. RF fields have frequencies between 300 Hz and 300 GHz (1) . Microwaves (300 MHz-300 GHz) are a This paper is based on a presentation at the International Conference on Radiation and Health held 3-7 November 1996 in Beer Sheva, Israel. Abstracts of these papers were previously published in Public Health Reviews 24 (3) (4) :205-431 (1996) .
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subset of the RF spectrum and can be called either RF or microwaves.
Electromagnetic fields of extremely high frequencies (i.e., high energy), such as X-rays, are able to break molecular bonds in cells to produce ionization (positively and negatively charged molecules). The radiant energy component ofa field needed to break the weakest macromolecular bond (hydrogen bond) is approximately 0.1 eV; a single covalent bond is 3.6 eV (2) . RF Reviews of the epidemiologic studies on both occupational and general public RF exposure have concluded that there is no consistent evidence of a carcinogenic hazard (1, (3) (4) (5) (6) . Inconsistencies among recent studies have not shed any further light (7) (8) (9) (10) (11) (12) (13) . Overall, epidemiologic studies suffer from inadequate assessment of exposure and confounding, and poor methodology (5, 14) . Further epidemiologic studies are needed, particularly to investigate populations of mobile telephone users, among which accurate RF exposure assessments are now possible.
Results from current laboratory investigations of biological effects of exposure to RF fields are consistent with responses to induced heating, which causes a rise in tissue or body temperature of greater than 1°C (1 (15, 16) .
Cancer
In considering the laboratory evidence, each component in the carcinogenesis process is addressed: initiation, promotion, and progression.
Initiation Studies
Most in vitro studies have reported a lack of RF-induced DNA damage [for reviews, see (1, 5, 6, 14, 17) ]. A lack of effect from RF exposure has also been reported on mutation frequency in yeast (18, 19) on mouse leukemia cells (20) , or on chromosome aberration frequency in human lymphocytes (21, 22 
Promotion and Progression Studies
Studies have tested the possibility that RF fields may influence tumor promotion through increases in the rate of cell proliferation, or via effects mediated through changes in proliferative signaling pathways, leading to enhanced transcription and DNA synthesis, with conflicting results (27, 28) .
Ion fluxes through the cell membrane constitute important signaling mechanisms. A number of reports suggest that RF fields may be capable of affecting ion fluxes via effects on ion pumps such as Na+K+-ATPase in human red blood cells exposed to RF and microwave radiation (29, 30) . Athermal effects on gross transcription, as measured by incorporation of the specific RNA precursor 3H-uridine, have been reported following the exposure of glioma cells to CW RF and microwave radiation (31) . Similar effects on cellular proliferation, assayed as the incorporation of the specific DNA precursor 3H-thymidine, were also reported following exposure of human lymphocytes (32) or glioma cells (31) . Both transcription and proliferation were elevated at an SAR of 25 (34) .
Assays of cell transformation are used to detect changes consistent with tumorigenesis but do not provide information on the nature of the damage giving rise to the change. An increased rate of in vitro transformation has been reported (35) (36) (37) in a chromosomally abnormal cell line. Enhanced transformation rates were found in C3H10TI/2 cells exposed to combined amplitude-modulated microwaves (4.4 W/kg) and X-rays followed by treatment with the chemical promoter 12-O-tetradecanoylphorbol-13-acetate (TPA), compared with cells exposed only to X-rays and TPA (35) . Similar levels of enhanced transformation rates were found after exposure to microwaves and/or X-rays (1.5 Gy), followed by treatment with the promoter (36) . However, there are inconsistencies between these two studies. In the first study, microwave exposure resulted in a 50% reduction in plating efficiency, whereas in the second study no such effect was observed. Further, although the data from the second study were consistent with an additive effect of microwaves and X-rays when followed by TPA treatment, unlike the first study, this effect was not statistically significant.
Balcer-Kubiczek and Harrison (37) also reported that exposure to microwaves at SARs between 0.1 and 4.4 W/kg, followed by TPA treatment, resulted in a dose-dependent induction of transformation. In addition, microwave exposure slightly enhanced the effects of X-irradiation and TPA on transformation rate. These studies are important, but their relationship to carcinogenesis in vivo is unclear. (43) report no effect of RF exposure (2.45 GHz exposed 3 hr/day, 6 days/week for 5 months; average SAR 10-12 W/kg) on chemically induced colon cancer in mice. Rotkovska et al. (44) found that exposure of mice to low-level RF fields from a police radar (34 GHz) did not affect biological parameters that could initiate any pathologic process.
One hundred rats were exposed to RF fields (2.45 GHz, 800 pulses/sec, 10-sec pulse width, average SAR 0.15-0.4 W/kg, depending on the size of the rat, 21.5 hr/day for 25 months) and compared with 100 sham-exposed controls (45) . Tests of more than 155 parameters were negative for effects on general health, longevity, cause of death, or lesions associated with aging or benign neoplasms. The authors reported that no single type of malignant tumor was enhanced by exposure. The incidence of primary malignancies in the exposed group was significantly higher than in controls, but was similar to the levels of primary malignancies reported elsewhere in this strain of rat.
Repacholi et al. (46) report a 2.4-fold increase in the incidence of lymphomas in Ef4-piml transgenic mice exposed for up to 18 months to 900-MHz fields pulsed at 217 Hz with pulse widths of 0.6 sec. The time to lymphoma development was also shorter in the RF-exposed animals. This is the first and only study using transgenic animals exposed to RF fields. Transgenic animals provide a very sensitive model for the end point to be tested. If (48) . The first scientific review meeting to reach interim conclusions on health risk and identify research needs, was held in Munich in November 1996. The results of this review will be available shortly (14) . The conclusion was that "although hazards from exposure to high-level (thermal) RF fields were established, no known health hazards were associated with exposure to RF sources emitting fields too low to cause a significant temperature rise in tissue. Biological effects from low-level RF exposure were identified needing replication and further study." High priority research needs were epidemiology and animal carcinogenesis studies and in vitro studies identifying effects that can be tested in vivo.
